We report the analysis of two mechanisms by which pore fluids could partially stabilize the earthquake rupture process in natural rock masses. These mechanisms are based on dilatancy strengthening and on the increase of elastic stiffness for undrained as opposed to drained conditions. Both are studied in relation to an inclusion model in which a zone of strain weakening material, possibly representing a highly stressed seismic gap zone, is,embedded in nominally elastic surroundings subjected to steadily increasing tectonic stress. Owing to the coupling between deformation and pore fluid diffusion, the inclusion does not exhibit an abrupt rupture instability; rather, a period of self-driven precursory creep occurs which ultimately accelerates to dynamic instability. The precursory time scale is reported for a wide range of constitutive parameters, including fluid diffusivity, ratio of undrained to drained stiffness, and factors expressive of strain softening and dilatancy. Our conclusions are that the precursory times for a spherical inclusion of l-km radius are of the order of 15-240 days for a range of constitutive parameters that we suggest are representative. The predicted times are shorter by a factor of approximately 10 for a flattened ellipsoidal inclusion that we analyze with an 18:1 aspect ratio. It is suggested that perhaps only toward the latter part of the precursory period are the effects of accelerating inclusion strain detectable in terms of surface deformation or alteration of transport or seismic properties.
INTRODUCTION
We consider the possibility that rock near sites of shallow earthquakes is infiltrated with groundwater and examine quantitatively processes by which mechanical coupling of rock deformation and pore fluid diffusion could transiently stabilize the rock against rapid failure. The stabilization results from dilatant strengthening within a fault region and from timedependent relaxation of the effective elastic unloading stiffness of the surroundings from undrained to drained conditions. Both mechanisms are shown to allow failure to occur in a less abrupt manner than was predicted without consideration of fluid coupling. Instead of an instantaneous dynamic instability, there is a period of initially quasi-static deformation that proceeds on a time scale governed by pore fluid diffusion and nonelastic deformation characteristics of the failing material and that ultimately accelerates to dynamic instability.
The time scale and character of this quasi-stable deformation has interest as a possible basis for discernible precursors to earthquakes, in the form of accelerating strain or tilt and local pore pressure alterations. Our aim in the present work is to develop quantitative estimates of these precursory processes on the basis of mechanically consistent models of the failure process. In doing so, we do not, of course, claim that all timedependent precursory phenomena are traceable to such mechanical effects of pore fluids in an essentially deformationrate-insensitive rock skeleton. Indeed, some precursory effects arise inevitably from the amplification of local fault region strain rates over remote tectonic strain rates as instability conditions are approached [e.g., Rice, 1977a] . Also, time dependence from corrosive microcracking of stressed rock, creep processes at depth, time-dependent adherence at frictional for porous solids. Similar effects have been studied in problems related to aftershock mechanisms by Booker [1974] .
Our analysis of both of the foregoing pore fluid coupling effects is based on a model for the inception of faulting introduced by Rudnicki [1977a] . This model considers the deformation of a rock mass which contains an ellipsoidal inclusion in which the properties are uniform but different from those of the surroundings (Figure la) . Rudnicki [ 1977a] interpreted this inclusion as deforming nonlinearly and exhibiting a peak stress as a consequence of weakening by faulting, whereas the surrounding material remains nominally elastic. Rice [1977a] , however, has indicated that the model applies as well and, indeed, may be more pertinent if the inclusion is interpreted as sustaining higher stresses than its surroundings. This would be the case if the inclusion had undergone less strain due to past faulting than the surroundings and is, in effect, a 'seismic gap' zone. Because of the large local stress, the inclusion [Rudnicki, 1977a ] exhibits a peak stress, whereas the surrounding material remains elastic.
In either interpretation the slow increase of tectonic stress drives the inclusion material past peak stress. At some point the slope of the descending stress-strain curve for the inclusion material becomes sufficiently negative so that no further increase of tectonic stress can be accommodated quasi-statically. This dynamic 'runaway' is interpreted as the occurrence of an earthquake. As we shall see, and as was suggested by prior discussions of the inclusion model by Rudnicki [1977a, b] , Rice et al. [1978] , and Rice [1977a] , the effect of fluid coupling mechanisms of the type discussed earlier is to cause this instability to occur not abruptly but rather in a more gradual manner with a time scale controlled by fluid diffusion, and, possibly, with discernible precursors.
Despite the simplicity of this model it is motivated by the idea that prefailure processes are likely to be dominated by large-scale heterogeneities of mechanical properties which remain as a result of the past history of faulting. Indeed, because the material properties and the geometry of such fault zones are at present so poorly known, it seems unwise to concoct overly detailed models, although we do believe that simple analyses founded upon consistent mechanical principles are useful for identifying the salient features of precursory processes.
Although our discussion here is organized primarily with reference to the inclusion model, another model which is relevant and may be more appropriate in many circumstances is one in which nonelastic deformations are assumed to be localized along a narrow fault from the outset and in which the slipping zone along the fault can propagate in a shear-cracklike mode (Figure lb) . In the presence of an infiltrating pore fluid, both the stabilizing effects of dilatant hardening and of time-dependent stiffness of the surroundings are applicable here as well, as has been remarked by Rice and Cleary [1976] . Rice and Simons [1976] examined further the stabilization which results from time-dependent elasticity by solving for the stress concentration near the tip of a quasi-statically propagating shear crack in a fluid-infiltrated porous elastic solid. They found that for a range of crack speeds comparable to propagation rates inferred for episodic creep events in central California [King et al., 1973] , the crack extended stably in the sense that with increasing propagation speed an increase in far-field driving stress, relative to frictional resistance, was needed to maintain the same stress intensity near the tip. Also, by adapting an earlier.analysis developed for slip surface propagation in overconsolidated clay soils, Rice [1977a] developed an expression for the increase in far-field driving stress that is required, with increasing propagation speed, to overcome the augmented frictional resistance due to dilatantly induced suctions from the shear 'breakdown' process near a fault tip. The result suggests that the maximum induced suction and required driving stress increase approximately in proportion to V •/• at low speeds, where V is the propagation speed. These studies of pore fluid effects on the criterion for propagation of a shear crack suggest precursory effects similar to those that we discuss here on the basis of the inclusion model. In the inclusion model as we present it, an entire zone deforms into the inelastic range and ultimately becomes unstable. The shear crack model is more complicated because it involves the gradual enlargement of the nonelastic (slipping) region. Fluid effects of the kind discussed above provide a possible mechanism for control of the time scale and extent of enlargement of the slip region before an unstable, dynamic spreading of the slip zone occurs, just as the effects may control the time scale and extent of nonelastic strain in the inclusion model. We leave as a goal for future work the quantification of the precursory time scale predicted on the basis of the shear crack model and concentrate here on the inclusion model. In addition to the mechanical effects of the pore fluid, there are also surface chemical effects. These seem to be important in time-dependent crack growth in quartz-based rocks [e.g., Martin, 1972; Scholz, 1972; Swolfs, 1972; Martin and Durham, 1975 ; O. L. Anderson and P. C. Grew, 1977], and they may be significant in determining the strength of rocks on a time scale comparable to that for tectonic alterations in stress. The constitutive description of these effects, however, is as yet insufficient to permit incorporation into the rupture models discussed here. Their presence, as well as the presence of time dependence of the frictional resistance of rock [Dieterich, 1972 [Dieterich, , 1978 , would not invalidate the mechanical effects of pore fluids that we discuss here but would add additional components to the overall precursory time-dependent deformation.
We will begin by reviewing in more detail the inclusion model for instability based on the deformation of an inhomogeneous zone. Then we will analyze the stabilizing effects of the pore fluid by employing the solution of Rice et al. [1978] , discussing dilatant hardening on the basis of the work of Rudnicki [1977b] and time-dependent stiffness on the basis of the work of Rice [1977a] . In particular, we will demonstrate that both the mechanisms of dilatant hardening of the inclusion material and time dependence of elastic stiffness of the surrounding material can stabilize the rock mass against dynamic failure at a point where runaway would occur if the infiltrating fluid were not present. The subsequent deformation is initially slow but is self-driving and ultimately accelerates to dynamic instability. Because this self-driven accelerating deformation may display itself in observable precursors, such as accelerated creep or anomalous tilting of the ground surface, we estimate its time duration on the basis of the models presented here and the incorporation of plausible material properties.
INSTABILITY OF A ROCK MASS WITH AN INHOMOGENEOUS ZONE
As discussed in the introduction, we consider a rock mass containing an inclusion in which the mechanical properties differ from those of the surroundings (Figure la) , and for convenience of analysis we assume that the inclusion is ellipsoidal in shape. For the present we neglect pore fluid effects and consider the material surrounding the inclusion to be linearly elastic. If, in addition, the inclusion material is homogeneous, the inclusion deforms homogeneously [Eshelby, 1957] undergone less strain than the surroundings, the peak of the rinc versus 71no curve is drawn to the left of the line r= = G'r=. Therefore the stress sustained by the seismic gap is always greater than r=. That %n• is initially negative is inconsequential and results because the strains are measured in relation to those corresponding to the unloaded state in the far field. Otherwise, the analysis is the same as that for the 'weakened zone' interpretation of Figures 2a and 2b .
The r•n• versus %n• curve in Figure 2 is to be regarded as the relation appropriate to in situ conditions. If the inclusion material dilates in response to shear, as is typical for brittle rock near failure, it must do so against the constraint of the surrounding material. The induced compressive stresses wilt then inhibit further inelastic deformation and effectively elevate the r•nc versus '•lnc curve over that for constant mean stress. These effects have been addressed by Rudnicki [1977a] for general deformation states, but it suffices for the purpose of the constructions in Figure 2 simply to regard the r•,• versus 'rl,c curve as drawn so as to incorporate the effects of dilatancy-induced compression. Rudnicki [1977a] has also shown that prior to runaway instability, critical conditions of the type discussed by Rudnicki and Rice [1975] will be met, beyond which the deformation pattern in the inclusion need not remain homogeneous but can begin to bifurcate into localized shear zones. Thus it is appropriate to regard the stress-strain relation of the inclusion as representing the overall response of a nonelastically deforming region even if the deformation is not locally homogeneous.
Effects of Pore Fluid Coupling
Before examining mathematically the stabilizing effects of coupling of the deformation with pore fluid diffusion, we discuss these effects qualitatively in terms of the schematic illustration of instability in Figure 2b Rice et al. [1978] observe that when an unbounded fluidinfiltrated elastic solid containing a spherical cavity is subjected to a sudden alteration of pore pressure and surface traction (derivable from a homogeneous stress tensor) at the cavity wall, the wall displaces as if the cavity interior had undergone a homogeneous deformation. This enabled them to generalize the Eshelby relations of (1 and 2) to spherical inclusions in fluid-infiltrated solids, on the assumption that the inclusion is sufficiently permeable by comparison to its surroundings that pore pressure is effectively uniform within it. This assumption seems reasonable in the present context, since the inclusion material is in the dilatant, strain-softening range in the time scale over which we make use of the analysis.
Consequently, the strain and pore pressure fields are homogeneous within a spherical inclusion, and, following Rice et al. [1978] , the Eshelby relation of (2) It is convenient to have a version of (6) which involves only finite times t. Specifically, we assume that prior to t = 0 there are no excess pore pressures and the inclusion is in equilibrium with its surroundings on the basis of the fully drained elastic properties of the surroundings. That is, prior to t = 0 the deformations are assumed to take place slowly enough so that (6) reduces to (2) with • based on the drained elastic properties, whereas deformation for t > 0 involves the coupling with diffusion discussed above. In that case it is straightforward to rewrite (6) as
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As mentioned earlier, the response of the inclusion to shear may be coupled to that for compression by dilatancy-induced compressive stresses. Thus for a complete analysis the Eshelby relation for the hydrostatic component of deformation is needed. The appropriate special case of (l) is [Rudnicki, 1977a] . Our inclusion model as based on (2) or (7) and (8) and (9) obviously regards the fault zone as being of small extent by comparison to other relevant dimensions. As such, its proximity to the earth's surface is neglected, as is also the nonuniformity of rock properties with depth. These are important limitations (but removable by more elaborate modeling) on the application of our results to large crustal earthquakes.
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STABILIZATION BY DILATANT HARDENING
In this section we will examine in detail the manner by which dilatant hardening can delay the onset of rapid failure and give rise to a period of initially slow but accelerating deformation. For convenience the complementary mechanisms due to timedependent stiffness of the surroundings will be neglected. This simplification corresponds to using (2), which we will assume relates rates of stress and strain, rather than (7) as the Eshelby relation for shear. First, however, we will introduce constitutive relations for the inclusion which are intended to model the frictional, dilatant response of brittle rock.
Constitutive Relations
The constitutive relations employed to describe the response of the inclusion material are analogous to those which were introduced by Rice [1975] , generalized to arbitrary deformation states by Rudnicki and Rice [1975] , and used by Rudnicki [1977a, b] . These relations are intended to describe both elastic response and frictional, dilatant inelastic response of compressed rock due to slip on nominally closed fissure surfaces and to microcrack growth from local tensile stress concentrations.
Consider a material element which is subjected to a hydrostatic stress a (positive in compression), a shear stress r, and a pore fluid pressure p. If the material responds elastically, the shear strain rate • and volume strain rate • may be written ? = (10)
where G is the incremental shear modulus, K is the incremental bulk modulus for drained response, and Ks is the bulk modulus of the solid constituents. The combination a -p(1 -K/ Ks) is the form of the 'effective stress' which has been shown by Nur and Byerlee [1971] to be appropriate for elastic response. In general, however, an increment of deformation involves inelastic response, and these contributions to the strain rate must be added to those of (10) 
In general, all of the constitutive parameters may vary with the deformation, although the variation in h is typically most substantial.
The form of the effective stress which enters the inelastic contributions in (12) and (13) is a -p. Recently, Rice [1977b] has shown rigorously that this is the appropriate form in describing the inelastic response which arises from slip at isolated asperity contacts and/or from local cracking at the tips of sharp microfissures. One additional constitutive equation is needed for the fluid mass content m per unit volume, which is related to the apparent volume fraction v of pore space by m = ov, where o is the mass density of the homogeneous pore fluid. It is convenient to express m in terms of the stresses by using reciprocity relations [Biot, 1973; Rice, 1975 ] to deduce the form for the elastic portion of dv and by assuming dVv = dv• for the inelastic portion [Rice, 1975] . The latter has been shown [Rice, 1977b] to follow rigorously in the same circumstances for which the use of a -p for the inelastic effective stress measure is justi- 
If K t has a value appropriate for liquid water (K t = 22 kbar) and v < 0.10, as is typical of brittle rock, K' -K. High temperatures, low pore pressure, or the presence of entrapped gas may, however, cause K t to be reduced well below vK, so that K' -• Kt/v and the dilatant hardening effect disappears in the limit as K t -, O.
Of course, the foregoing constitutive description is based on the assumption that the state of the pore fluid can be characterized by a single parameter, namely, a pore pressure p, which is valid only when deformations are sufficiently slow that there is local pressure equilibrium between all fissure and pore spaces occupying what is regarded as a 'point' in the continuum model of the material. This may hot be the case in the presence of rapid deformations; some estimates of equilibrium times and generalizations of the pore pressure concept are considered by Cleary [1977] and O'Connell and Budiansky [1977] . Indeed, some discussions of dilatancy [e.g., Nur, 1972] consider the possibility that the effect may be so strong as to open substantial vapor-filled, or 'dry,' crack space in rock that is otherwise liquid saturated. Such a concept seems to be widely associated with the term 'dilatancy' and is consistent with alterations of seismic wave speeds. But it is important to realize that far milder dilatancy, insufficient to cause the opening of dry crack space and thus to affect seismic wave transmission, may nevertheless be present during a failure process and, possibly, be a major factor in controlling the time scale of that failure through the processes to be described.
Dilatant Hardening and Instability
In order to apply the results of the last section to the inclusion problem, we adopt (12), (13), and (15) Although dilatant hardening can stabilize against the onset of rapid failure at h = ha, the subsequent deformation is selfdriving [Rudnicki, 1977b] . More precisely, Rudnicki [1977b] showed that in a segment of constant h (and other constitutive parameters), any perturbation of %n• from its equilibrium value corresponding to some fixed r• is stable if h > ha (i.e., prior to point B' in Figure 3 The dependence of h and, in general, of all of the constiturive parameters on the deformation couples (30) to (22). In solving these equations we will assume, however, that the variation in all the parameters except h is small enough that they may be treated as constant. Although this may be a poor approximation in the case of • and Kr, so little is known about the details of their variation that assuming they are constant seems justified in the interests of simplicity. The simple numerical procedure which was used to solve (30) and (22) The value of the peak strain parameter X is one of the most uncertain in the analysis, since laboratory investigations of postpeak behavior have been relatively sparse. Fortunately, the calculation does not appear to be especially sensitive to the value of X. The entries in Table 2 suggest that decreasing X by half reduces 0pre½ by about 30%.
In the calculations for Table 1 
describe the stress-strain relation of the inclusion material, the mathematical problem is to solve (7) subject to this relation for a given history r•,(t). Since we assume in deriving (7) 
Apart from the factor f(1 + f), which depends on the shape of the inclusion, R can be interpreted as the ratio of the charac- Based on self-consistent calculations of O'Connell and Budiansky [1974] . Also shown is the ratio of elastic unloading stiffness of surroundings for undrained conditions to same for drained conditions, for various shapes of the inhomogeneous zone. Table  3 . We note that for crack densities N? greater than approximately 0.1 the crack interactions considered by O'Connell and Budiansky lead to results for v and v, that differ substantially from estimates made on the basis of dilute concentration formulae for G and K [Rice, 1977a] . Table 3 Table 3 , this suggests that stiffness ratios •/•,, = I. l0 and 1.25 might be taken as being representative, and we have used these two ratios in our numerical evaluations of the function in (34).
With the results in
Results of Numerical Solutions and Precursory Predictions
As will be seen, a value of the tectonic loading rate parameter R = 10-: is representative of the middle of the range considered in some subsequent numerical evaluations, and we show in Figures 10 and 11 duration. Deformations at ground surface vary in proportion to the local strain within the inclusion (which can be regarded as an isolated time-dependent dislocation) and will show a similar time history. Also, the rapid deformations could conceivably lead to discernible variations in seismic and/or transport properties within the failing zone. Table 4 shows some specific predictions of precursory times in days based on the results in Figure 12 . We consider in this  table three The results in Table 4 reveal that while tprec increases with inclusion size, it is again not directly proportional to the diffusion time a2/c. Indeed, a tenfold decrease in diffusivity increases tpre• by a factor of 2-3, and a fivefold increase in inclusion size (hence 25-fold in a 2) increases tpre• by a factor ranging from approximately 2 to 4.
There is a significant effect of the shape of the inhomogeneous zone. Assuming, as we have, the same •'l,• versus .yl,• relation in each case, the spherical zone has precursory times that are 10-20 times longer than those for the flat zone Comparing Tables I and 4 , it is s½½n that tprec for spherical zones due to dilatant hardening is 2-$ times longer than the mean (for the two •/•, ratios) of that due to time-dependent stiffness. Of course, if smaller values of the dilatancy factor f• are considered, as in Table 2 , the tprec values become more nearly comparable. We have commented that tprec due to dilatancy should be shorter for fiat zones than for spherical zones, but there are no comparisons to be made between the two mechanisms for fiat zones. 
It is interesting that
CONCLUDING DISCUSSION
We have demonstrated that the coupling of pore fluid diffusion with deformation can delay the onset of rapid failure and give rise to precursory periods of quasi-static but accelerating deformation. Our calculations for the duration of this precursory period indicate that the effects can be significant for values of the parameters which are consistent with existing experimental and observational data. More specifically, Figures 8-11 demonstrate that the precursory effects are much more dramatic for fluid-infiltrated solids than they are for those for which the pore fluid is absent. Further, we have presented results for the precursory time so that its dependence on constitutive properties will be evident; see Figure 7 and Tables 1 and 2 for the dilatant hardening mechanism and Figure 12 and Table 4 for the mechanism based on timedependent elastic stiffness. Tables 1 and 4 are based on a range of material properties which we think may be appropriate to crustal rocks at depths of the order of 5 km. The consequences of other choices for the constitutive parameters and loading rate may be estimated from Table 2 and Figures 7 and 12. Because much of the discussion of precursory pore fluid effects has concerned their role in connection with the possibility that dilatancy may cause alterations in seismic wave speeds, we emphasized that the effects described here can be important even if conditions are not suitable for wave speed alterations. Indeed, the mechanism of time-dependent stiffness of the surroundings is not contingent upon the dilatant inelastic opening of pores or cracks. Moreover, our calculations for the dilatant hardening mechanism suggest that an amount of dilatancy much smaller than that necessary to affect wave speeds can have a considerable effect of the kind described here in stabilizing the rupture process and that the magnitude of the pore pressure decrease induced by dilatancy alone becomes large only in close proximity to instability. For example, reductions of seismic wave speeds are sometimes postulated to result from the opening of vapor-filled or dry crack space in extensive regions of rock, and this process would be accompanied by large suctions in the pore fluid. But results such as those in Figures 8 and 9 suggest that large suctions can result only very late in what we identify as the precursory period, and it is not clear as to whether they will typically be large enough to alter wave speeds significantly. Further, there is nothing in our analysis which suggests a source of the return that is sometimes suggested of seismic properties to normal levels just before rupture. These conclusions could, however, be a consequence of oversimplifications in our model. For example, the weakening zone is regarded as being spatially uniform up to dynamic instability, and no provision is made for a gradual concentration of deformations into a narrow fault zone.
Because of the uncertainty of precursor time estimates based on observations prior to earthquakes, it is difficult to draw definitive conclusions by comparison of our predicted pre-cursor times with observations. In addition, while our definition of precursor time is unambiguous within the context of our model, it is likely to be an upper limit for precursory times as detected by surface observations. This is because the strain within the inclusion continuously accelerates (Figures 8-11) , and it may only be toward the latter portion of the precursory period that effects are significant enough to be observed at ground surface. Of course, strain and tilt at the surface will have a time history similar to that of the inclusion strain, although the magnitude will be attenuated approximately in proportion to the inverse square of distance from the source. I n addition, the accelerating strain near failure may also have a discernible effect on transport properties in the source region, for example, on electrical resistivity due to the progressive microfracturing that accompanies inelastic straining. We note that transport properties seem likely to be more affected than seismic properties, at least to the extent that for significant alterations the latter require suctions that are large enough to deplete pore spaces of liquid.
To establish minimum estimates of the precursory time interval, we adopt the more conservative estimates of the size of constitutive parameters expressive of coupling between the rock and its pore fluid. Then it would appear that precursory times would be in the neighborhood of 10-50 days for an approximately spherical weakening zone of 1-km radius. For example, if we modify the entries in Table 1 by use of the lowest dilatancy factor in Table 2 (/5 = 0.075, one quarter of the value that we suggest as being representative of laboratory triaxial tests on coherent rock), we obtain tprec • 11-47 days for a range of fluid diffusivities between 1 and 0.1 m2/s. Similarly, from Table 4 and using the smaller ratio of undrained to drained elastic stiffness, •/• = 1.10, we find tpree • 14-37 days for the same range of diffusivities. If, for example, the last fifth of the precursory time interval is regarded as being 'readily' detectable, in view of the rapid acceleration of strain near instability, this minimal estimate of the precursory period for a spherical zone of 1-km radius is in the range of approximately 2-10 days. We would suggest this sort of period as being most appropriate in searching for precursory effects of the kind we describe.
Larger spherical zones lead to longer precursory periods, but the predicted effect does not scale directly with the characteristic diffusion time, to = aVc. Instead, a much less rapid variation occurs, more nearly proportional to a to the power 1 or lower, although no single power can fit all the size dependencies documented in Tables 1 and 4. An analysis of the dilatant hardening mechanism has not been possible for the nonspherically shaped zones, although an approximate analysis of the time-dependent stiffness mechanism has been possible for ellipsoidal zones. The results in Table 4 The model which we have employed here is of course idealized, and we have made many simplifications. We have considered separately each of the two stabilizing mechanisms of the pore fluid, but it seems evident that the effects will be more pronounced when both act together. For a given rinc versus %n• curve, undrained runaway generally occurs at a larger strain for the dilatant hardening mechanism than for that of time-dependent stiffness, although the strains at final instability are comparable for smaller values of the dilatancy factor /5 or the modulus K r' (see (28)). Although we have considered only parabolic rm• versus 7m• curves, the computations do not appear to be strongly sensitive to their shape as expressed by 3,. Nevertheless, the form which we adopted has a continuously decreasing slope so that dynamic rupture is inevitable. There does, however, exist the possibility that the inclusion stressstrain relation reverses curvature before point D' is reached in Figures 3 and 4 (e.g., see Figure 2c ). In such cases it is possible that the pore fluid effects allow the inclusion to undergo strain in the form of a wholly stable creep episode.
More generally, we have shown that if fissured rock masses are fluid infiltrated, then the coupling of the deformation with the diffusion of pore fluid will be important in processes preparatory to faulting. As we remarked earlier, consideration of pore fluid effects has been primarily limited to aspects which we would regard as secondary to their role as setting the time scale of the failure process. We would argue that pore fluid stabilization of faulting merits more attention, but at the same time we stress that these processes are sensitive to values of material parameters and transport properties and there is a need for better data in this regard.
APPENDIX 1
Equations (22) and (30) were solved numerically for oe(t) and %n•(t) by discretizing the convolution integral in (30). We first write the convolution integral as a sum of integrals over each time step A0 = O/n: o 1 dp (O')dO' =•f•,,o I dp where 0 = t/to. For each integral, dp/dO was assumed to vary linearly between its values at the limits. The remaining integrations can be performed analytically, and the result may be The time interval in (A3) is divided into a series of steps. A small initial step is assumed, and each new step is chosen so that the increment in g, predicted from the last calculated value of dg/dO, is smaller than some limiting size chosen to guarantee numerical convergence (the necessary step sizes decrease in approximate proportion to the size of R). The right side of (A3) is evaluated by assuming that dg/dO is constant (Ag/AO) in each step and by treating f(O -0') as constant in each step, using the midstep value of 0'. Consequently, at the end of each step (A3) becomes a quadratic equation which is solved for g(O) so that calculations for a new step can begin. This shows that R may additionally be interpreted as half the ratio of the diffusion time to to the time for remote loadings to bring the inclusion strain from that at peak strength to that at instability.
